Theoretical models of bipolar disorders (BD) posit core deficits in reward system function. However, specifying which among the multiple reward system's neurobehavioral processes are abnormal in BD is necessary to develop appropriately targeted interventions. Research on probabilistic-reinforcement learning deficits in BD is limited, particularly during adolescence, a period of significant neurodevelopmental changes in the reward system. The present study investigated probabilistic-reinforcement learning, using a probabilistic selection task (PST), and its correlates, using self-reported reward/threat sensitivities and cognitive tasks, in 104 adolescents with and without BD. Compared with healthy peers, adolescents with BD were less likely to persist with their choices based on prior positive feedback (i.e., lower win-stay rates) in the PST's acquisition phase. Across groups, a greater win-stay rate appeared to be a more efficient learning strategy-associated with fewer acquisition trials and better testing phase performance. Win-stay rates were also related to verbal learning indices, but not self-reported reward/threat sensitivities. Finally, lower win-stay rates had significant incremental validity in predicting a BD diagnosis, after accounting for effects of current symptoms, reward sensitivities, verbal learning, and IQ. The present findings support multiple dysfunctional processes of the reward system in adolescent BD that require additional examinations.
These dysregulated reward pursuits in BD may be due to deficits in probabilistic-reinforcement learning, such as abnormal updating of reinforcement values based on feedback received in past experiences. However, most studies examining reward dysfunctions in BD focused on other aspects of the multifaceted reward system, such as approach motivation (for reviews see, Johnson, Edge, Holmes, & Carver, 2012; Urošević, Abramson, Harmon-Jones, & Alloy, 2008) . No studies have examined probabilistic-reinforcement learning deficits in BD during a developmental period characterized by significant changes in sensitivity to rewards-adolescence (e.g., Urošević et al., 2012) . There is also insufficient data on cognitive and motivational correlates of reinforcement-learning deficits in BD. Such data could clarify whether reinforcementlearning abnormalities represent an independent dysfunction or another manifestation of already established deficits. The current study addresses these important empirical questions.
Several pediatric BD studies have focused on reversal-learning tasks. These protocols initially reward one cued response, and then change "set," measuring ability to shift attention and adjust responses on the basis of altered contingencies. Prior studies provide evidence of impaired learning of reversed probabilistic reinforcement contingencies in pediatric BD (Dickstein, Finger, Brotman, et al., 2010; Dickstein, Finger, Skup, et al., 2010; Gorrindo et al., 2005) . Reversal-learning deficits may be specific to BD versus other pediatric mood disorders (Dickstein, Finger, Brotman, et al., 2010) . However, other pediatric BD studies have not found deficits when choices vary in their probabilities of reward (Ernst et al., 2004) , or in contexts with explicitly stated reward contingencies (Rau et al., 2008) . Importantly, prior studies have combined children and adolescents with BD (e.g., across a 6-to 17-year-old age range) without examining reinforcement learning separately during adolescence versus childhood.
Reinforcement learning studies in adult BD are limited. Adults with BD exhibit heightened attention to rewards in a decisionmaking paradigm with variable rewards and losses (Brambilla et al., 2013) . Some evidence supports delayed learning of probabilistic reinforcement contingencies and undue influence on behavior by immediate positive feedback in adult BD (Pizzagalli, Goetz, Ostacher, Iosifescu, & Perlis, 2008) ; however, a recent study using the same signal detection paradigm failed to observe abnormalities in BD (Lewandowski et al., 2016) . Similarly, adults with BD and lifetime history of psychosis performed comparably to healthy adults on measures of explicit and implicit reinforcement learning (Barch et al., 2017) . Individual differences in mania, anhedonia, depression, and psychosis symptom severities may affect performance on probabilistic-reinforcement learning in adult BD (Barch et al., 2017; Lewandowski et al., 2016; Pizzagalli et al., 2008) . Research using other paradigms is necessary to more fully examine the nature of reinforcement-learning deficits in BD.
The Probabilistic Selection Task (PST; Frank, Moustafa, Haughey, Curran, & Hutchison, 2007) tests multiple aspects of reinforcement learning. In its two-stage design, the PST measures acquisition strategies (e.g., win-stay choice after prior positive feedback) dependent on the prefrontal cortical (PFC) dopaminergic functioning and working memory ability, as well as learned probabilistic reinforcement contingencies and transfer of learned contingencies to novel stimulus pairings-processes dependent on striatal dopaminergic functioning . The PST separately assesses transfer of learning based on positive versus negative feedback, thus indexing approach and avoidance motivational tendencies. Unlike studies of reversal learning and decisionmaking within reward contexts, these features of the PST enable determination of whether (1) the BD-specific reinforcementlearning abnormalities occur during the PFC-dependent acquisition and/or the striatum-dependent testing/transfer-of-learning phase and (2) adolescents with BD exhibit abnormal sensitivities to probabilistic positive and/or negative feedback. No studies have assessed PST performance in youth with BD. This is an important knowledge gap given the clinical significance of BD in adolescence and extensive developmental changes in the reward neural system that characterize this period. BD is associated with elevated functional impairment during adolescence regardless of age of illness onset (Goldstein et al., 2009) . Adolescence is one of the peak periods for the first-time BD onset (Beesdo et al., 2009) . During normative adolescence, there are significant changes in functioning (Hardin, Schroth, Pine, & Ernst, 2007; Somerville, Hare, & Casey, 2011) and structure ) of brain regions implicated in reward processing. Healthy adolescents exhibit hypersensitivity to rewards on selfreport , behavioral (Cauffman et al., 2010) and neuroimaging (Cohen et al., 2010; Somerville et al., 2011) measures. These adolescent-specific changes may be partially driven by pubertal development (Dennison et al., 2015; Urošević et al., 2014) . Reinforcement-learning deficits in BD during adolescence could signal disruptions of normative development, but no studies have examined these processes in adolescent BD.
Furthermore, it is unknown whether probabilistic-reinforcement learning deficits are independent of heightened approach motivation (i.e., reward hypersensitivity) and/or established cognitive deficits in BD. Prior research supports reward hypersensitivity in adult BD (Johnson et al., 2012; Urošević et al., 2008) . Reward hypersensitivity is a risk factor for the first-time onset of BD during adolescence (Alloy et al., 2012) . Likewise, there are wellestablished learning deficits within nonaffective contexts in pediatric and adult BD, such as impaired verbal learning and PFCdependent executive functioning (for reviews see, Cipriani, Danti, Carlesi, Cammisuli, & Di Fiorino, 2017; Joseph, Frazier, Youngstrom, & Soares, 2008) . Trial-by-trial performance in the PST acquisition phase depends on some common cognitive abilities, such as reinforcement value maintenance in working memory . It is unknown whether probabilisticreinforcement learning is associated with deficits in reward sensitivity, verbal learning, or working memory in BD. It is also important to examine whether probabilistic-reinforcement learning abnormalities predict BD during adolescence above and beyond already established dysfunctions, thus providing additional diagnostic assessment tools.
In the present study, we predicted that adolescents with BD would exhibit several abnormalities in PST-assessed probabilisticreinforcement learning. During the acquisition phase, on the basis of adult BD studies (Pizzagalli et al., 2008) , we predicted that adolescents with BD would show delays in learning of reinforcement contingencies compared with healthy adolescents. We also predicted that adolescents with BD would exhibit aberrant learning strategies (e.g., difference in win-stay rates) compared with healthy peers; however, given evidence for both reward hypersensitivity in adult BD (Urošević et al., 2008) and PFC-functioning deficits in pediatric BD (Dickstein, Finger, Skup, et al., 2010; Joseph et al., 2008) , it was unclear whether adolescents with BD would exhibit greater or lower win-stay rates, that is, PFC-dependent responses to prior reinforcement, compared with healthy peers. During the testing phase, we predicted that adolescents with BD, compared with healthy adolescents, would exhibit greater sensitivity to probabilistic reinforcement, indexed by greater accuracy on the stimulus pairings from the acquisition set, and greater transfer of learned positive reinforcement contingencies to new stimulus pairs. We also predicted that adolescents with BD would exhibit greater self-reported reward sensitivity than healthy peers. In exploratory analyses, we examined cognitive (i.e., verbal learning, working memory, overall cognitive ability) and motivational (i.e., selfreported reward and threat sensitivities) correlates of PST performance and whether the PST measures indicating abnormalities had incremental predictive validity for BD diagnosis in the whole sample, after accounting for other variables with significant group differences.
Method Participants
Adolescents (N ϭ 104; 47 with BD, 57 healthy controls [HC]), ages 13 to 19 were recruited through community flyers, universityaffiliated clinic referrals, clinic mailings to minors' parents/legal guardians, and a volunteer database maintained by the University of Minnesota's Institute of Child Development. Exclusion criteria were lack of English fluency, left-handedness (Oldfield, 1971) ; IQ Ͻ70, learning/developmental disability, neurological disorders, serious head trauma, major/chronic physical conditions, major birth complications, and neuroimaging contraindications. Three participants (one BD, two HCs) were excluded due to incidental neuroimaging findings (e.g., tumor) that could impact cognitive function; another three participants (two BDs, one HC) were excluded due to incomplete PST data, yielding the current sample of 104 participants.
Participants in the BD group met DSM-IV diagnostic criteria for bipolar I (n ϭ 19), bipolar II (n ϭ 16), or bipolar not otherwise specified (NOS) disorder (n ϭ 12; all with histories of major depressive episodes and hypomania meeting all episode criteria except for duration). Participants with different BD diagnoses were statistically similar in their PST performance. Among BD participants, diagnostic interviews yielded the mean age of bipolar symptom onset of 9.06 years (SD ϭ 3.23) and a mean of 2.53 (SD ϭ 1.79) comorbid psychiatric diagnoses, with the most common comorbidities being anxiety disorders (66%) and attentiondeficit/hyperactivity disorder (40%). In the BD group, 89% of participants were taking psychotropic medications (M ϭ 2.60, SD ϭ 1.58). Antipsychotics were the most frequently (70%) prescribed treatment; 64% were in psychotherapy. Participants in the HC group had no lifetime psychiatric diagnosis (except for one participant with past enuresis) and no family history of BD or psychosis.
Interviewers administered the K-SADS Depression Rating (KDRS) and Mania Rating (KMRS) Scales to determine BD group participants' clinical state in the week prior to testing based on established cut-offs (Ladouceur et al., 2011) : 17 BD participants were euthymic, 12 participants exhibited elevated depressive and hypomanic symptoms, 11 participants exhibited elevated hypomanic symptoms, and 7 participants exhibited elevated depressive symptoms. Prior studies of BD support similar neural abnormalities in reward processing during euthymia and acute mania (Bermpohl et al., 2010; Nusslock et al., 2012) . Bipolar symptoms that do not reach episode criteria are common in pediatric and adult BD (Birmaher et al., 2006; Judd et al., 2003) . For these reasons, we included all BD group participants in the analyses, but bipolar symptoms in the 24 hr prior to testing were covaried.
Materials and Procedure
Parents/legal guardians of minors and adult participants provided written consent, while minor participants (age Ͻ18) provided written assent before participation. The University of Minnesota Institutional Review Board approved all procedures (Protocol 1110S05361). The first study visit included diagnostic interviews and intelligence testing to confirm study eligibility. The second study visit included a battery of behavioral tasks, selfreport measures, neuroimaging, and psychophysiological assessments. The present analyses focus on measures of reward/threat sensitivity, probabilistic-reinforcement learning, intelligence, verbal learning, working memory, and age. Participants received monetary compensation for their participation. Axelson, Birmaher, Zelazny, Kaufman, & Gill, 2009 ) was administered separately to adolescents and parents/legal guardians to assess current and lifetime DSM-IV Axis I diagnoses. Interviewers completed comprehensive training including didactics, role-plays, and in-person interview observations by a clinical psychologist (Snežana Urošević). In a consensus process supervised by a clinical psychologist (Snežana Urošević), interview ratings based on adolescent and caregiver reports were reconciled at the K-SADS-PL-2009 item level. Approximately a third (32%) of BD interviews underwent a secondtier external consensus review by a clinical psychologist with expertise in pediatric BD assessment (Eric A. Youngstrom). Consistent with recommendations by Axelson et al. (2011) , only bipolar symptoms that started within mood episodes, or chronic symptoms that clearly worsened during mood episodes, counted toward bipolar symptomatology. Interrater reliability for K-SADS-PL-2009 symptom assessments was excellent (weighted k ϭ .87).
Internal State Scale (ISS). Participants completed ISS (Bauer et al., 1991) , a 15-item questionnaire, to assess clinical state within the last 24 hr using four subscales: Activation, Perceived Conflict, Well-Being, and Depression. The Activation subscale correlates with clinician interview ratings of manic symptoms and the Depression subscale correlates with clinician interview ratings of depression symptoms (Bauer, Vojta, Kinosian, Altshuler, & Glick, 2000) . In the present sample, the ISS subscales exhibited adequate internal consistency (Cronbach's ␣ range ϭ .70-.83).
The Behavioral Inhibition Scale/Behavioral Activation Scale (BIS/BAS). Participants completed the BIS/BAS Scales (Carver & White, 1994) , which consist of 20 questions rated on a fourpoint Likert Scale, yielding four subscale scores. The BIS subscale assesses sensitivity to threat, and three BAS subscales assess sensitivity to rewards-reward responsiveness, drive, and fun seeking. The BAS total score is a sum of the three BAS subscales.
The BIS/BAS demonstrate adequate reliability and good validity (Carver & White, 1994) . In the present sample, the BIS/BAS subscales internal consistency index, Cronbach's alpha, ranged from .77 for BAS Drive to .52 for BAS Reward Responsiveness.
Cognitive ability, working memory, and verbal learning measures. Two subtests-Vocabulary and Matrix Reasoning-of the Wechsler Abbreviated Scale of Intelligence-Second Edition (WASI-II; Wechsler, 2011) assessed overall cognitive ability. The Digit Span task with forward and backward components (WISC-III; Wechsler, 1997 ) assessed working memory ability; maximum digit spans out of 9 possible are reported for the Digit Span forward and backward, respectively. The Rey Auditory Verbal Learning Test (RAVLT; Rey, 1993) , administered using standardized procedures, assessed verbal learning/memory and yielded measures of total learning (i.e., the sum of recalled words across learning Trials 1 through 5), immediate recall, 30-min delayed recall, and executive functioning components of the verbal learning process: proactive interference (Trial 1 -List B), retroactive interference (Trial 5 minus Immediate Recall) and loss after consolidation (Trial 5 -Delayed Recall; Takagi et al., 2011) . RAVLT data were not available for two BD group participants.
Probabilistic Selection Task (PST). The PST assessed probabilistic-reinforcement learning (Frank & Kong, 2008; Linke, Sönnekes, & Wessa, 2011; Strauss et al., 2015; Waltz, Frank, Robinson, & Gold, 2007) and was administered using E-Prime Version 1.0.2 software (Psychology Software Tools, Sharpsburg, PA). Figure 1 illustrates the PST's phases and measures.
Acquisition phase. The acquisition phase consisted of a series of forced-choice stimulus pairs (AB, CD, EF) using Japanese Hiragana characters. Participants were instructed to choose the stimulus from each pair with a higher chance of being correct. Participants received feedback indicating whether their choice was "correct" or "incorrect" in each trial. The feedback was probabilistic such that choosing A yielded positive ("correct") trials. Pairs were presented in pseudorandom order. Consistent with prior research and to prevent overlearning (e.g., Frank & Kong, 2008 ), the acquisition phase ended after participants either reached the discontinuation criterion (e.g., choosing A in 65% of AB trials), or completed the maximum of six training blocks, whichever occurred first.
During the acquisition phase, sensitivity to ongoing feedback and learning strategies were examined through trial-by-trial response adjustments. A win-stay trial strategy occurred if participants chose the same stimulus that received positive feedback in the most recent trial with the same stimulus pair (e.g., subsequently choosing A after A received "correct" feedback in the most recent AB trial). The tendency to rely on a win-stay strategy was calculated as the number of win-stay trials divided by the total number of potential win-stay trials (i.e., total number of trials following positive feedback trial with the same stimulus pair) across all stimulus pairs (Frank & Kong, 2008; Waltz et al., 2007) . A lose-shift strategy occurred when participants chose a different stimulus than the stimulus that received negative feedback in the most recent trial with the same stimulus pair (e.g., subsequently choosing C after D received "incorrect" feedback in the most recent CD presentation). The tendency to rely on a lose-shift strategy was calculated as the number of lose-shift trials divided by the total number of potential lose-shift trials (i.e., total number of trials following negative feedback trial with the same stimulus pair) across all stimulus pairs (Frank & Kong, 2008; Waltz et al., 2007) .
Testing phase. This phase immediately followed the acquisition phase. Participants were instructed to use what they learned during the acquisition phase to choose a "correct" stimulus. No feedback was provided during this phase. Participants were presented with 12 trials of old stimulus pairs from the acquisition phase (four per AB, CD, and EF pair) and 48 trials of novel stimulus pairs (e.g., AC, AD, AE, AF). Participants were tested on preferences for stimuli with higher reinforcement ratios (i.e., A, C, and E) in old/acquisition-set pairings. The testing phase also yielded two indices of learning transfer based on cumulative positive (i.e., choose A) versus negative (i.e., avoid B) feedback provided during the acquisition phase (Frank & Kong, 2008; Waltz et al., 2007) . Choose A reflected the proportion of trials in which a participant chose stimulus A across all novel pairings that included A. Avoid B reflected the proportion of trials in which a participant failed to choose stimulus B across all novel pairings that included B. Reaction times (reaction time [RT]) were recorded.
Statistical Approach
Preliminary independent sample t tests examined group differences in demographic characteristics, overall cognitive ability, and ISS-based current bipolar symptoms, to identify potential covariates for subsequent analyses. Nonparametric Mann-Whitney U tests examined group differences in gender and race/ethnicity distributions. A series of analyses of covariance (ANCOVAs) tested group differences in self-reported reward/threat sensitivities, working memory, verbal learning, and probabilistic-reinforcement learning measures, after accounting for effects of covariates. Bivariate correlations examined associations of self-reported reward/ threat sensitivities, working memory, and verbal learning measures with probabilistic-reinforcement learning measures in the whole sample. Finally, bivariate logistic regression examined the incremental predictive validity of probabilistic-reinforcement learning deficits for BD group membership (i.e., presence of a BD diagnosis) in the whole sample, above and beyond predictive effects of covariates and relevant measures with established BD abnormalities. Table 1 summarizes demographic characteristics for the BD and HC groups. There were no significant group differences in age, socioeconomic status, sex ratio, or racial/ethnic distributions. The HC group had significantly higher IQ scores than the BD group, whereas the BD group exhibited significantly greater hypomanic/ manic and depressive symptoms in the last 24 hr. In subsequent ANCOVAs, the last 24-hr clinical state measures, specifically ISS Activation and ISS Depression, and estimated IQ scores were entered as covariates.
Results

Descriptive Statistics and Covariates
The online supplemental material summarizes findings from analyses with KMRS and KDRS as covariates and effects of psychotropic medications on PST performance, as well as correlations between current bipolar symptoms and PST measures among adolescents with BD. Current bipolar symptoms were not associated with PST performance among adolescents with BD, except for positive associations during the testing/transfer phase between ISS Activation and RT for CD pairs and between KDRS ratings and performance on AB trials. Table 2 provides descriptive statistics and independent sample t tests examining group differences for the PST measures.
Group Differences in Probabilistic-Reinforcement Learning Measures
Acquisition phase. In univariate ANCOVAs, the BD group exhibited lower win-stay rates than the HC group, after accounting for the effects of covariates, F(1, 99) ϭ 5.35, p ϭ .023, Cohen's d ϭ Ϫ0.42, 95% CI [Ϫ0.06, Ϫ0.79]. The two groups did not differ in lose-shift rates. There were no significant group differences in the number of learning trial blocks administered.
In the whole sample, win-stay rates were inversely related to the number of trial blocks administered in the acquisition phase (r ϭ Ϫ.64, p Ͻ .001, 95% CI [Ϫ0.74, Ϫ0.51]). The acquisition phase win-stay rates were also associated with better performance on acquisition-set stimulus pairings (i.e., choosing A, C, and E in AB, CD, and EF; r ϭ .34, .38, and .27, respectively, ps Ͻ .005; 95% CIs range ϭ .08 -.54) and higher avoid B rates (r ϭ .42, p Ͻ .001, 95% CI [0.25, 0.57]), during the testing phase. Thus, greater win-stay rates during learning of reinforcement contingencies indicated a more efficient learning strategy that the BD group was less likely to use.
Testing phase. In a repeated-measures ANCOVA, the BD group exhibited significantly quicker RTs than the HC group, F(1, 99) ϭ 10.82, p ϭ .001, partial 2 ϭ .10, when making selections across old stimulus pairings during the testing phase. In follow-up univariate ANCOVAs, the BD group exhibited quicker selections in all three old pairings: F (1, 99) In a repeated-measures ANCOVA examining performance on acquisition-set pairings, there was a significant group-by-stimulus-pairing interaction effect, GreenhouseGeisser, F(1.87, 185.33) ϭ 3.88, p ϭ .025, partial 2 ϭ .04. In follow-up ANCOVAs, the BD group exhibited a greater preference for A in AB pairings during the testing phase, F(1, 99) ϭ 6.34, p ϭ .013, Cohen's d ϭ 0.45, 95% CI [0.09, 0.81], but there were no significant group differences in preferences for C in CD pairings and E in EF pairings, compared with HC group. Overall, during the testing of learned reinforcement contingencies, compared with healthy peers, adolescents with BD were quicker to choose and exhibited a greater preference for the stimulus with the greatest reinforcement bias, along with comparable performance on other acquisition-set pairings.
Only participants who reached the AB acquisition criterion, that is, who chose A on 75% of AB trials during the testing phase, were included in analyses of learning transfer choose A and avoid B rates. No significant group differences were found. In other words, adolescents with BD exhibited an apparently normal ability to generalize learned reinforcement contingencies to new stimulus pairings.
Group differences in PST performance were largely consistent across analyses with and without covariates, with a few exceptions in the testing phase measures. During the testing phase, independent t tests yielded significant group differences in RT only for CD and EF trials, whereas repeated measures and follow-up univariate ANCOVAs supported quicker RTs for the BD group versus HC group in all three acquisition-set pairings. Similarly, during the testing phase, the BD group's greater preference for A in AB trials relative to HCs was only evident after accounting for the effects of IQ and current clinical state. Individuals with higher IQ scores had greater rates of choosing A in testing-phase AB trials (r ϭ .38, p Ͻ .001, 95% CI [0.20, 0.54]). The BD group had overall lower IQ scores than the HC 
Group Differences on Self-Report Measures of Reward and Threat Sensitivity and Associations With Probabilistic-Reinforcement Learning
Group Differences on Working Memory and Verbal Learning Measures and Associations With Probabilistic-Reinforcement Learning
Working memory. As summarized in Table 1 , the BD group exhibited shorter maximum span scores on the digit span forward subtest compared with the HC group, but there were no significant differences in digit span backward maximum span scores. In ANCOVAs with the last 24-hr clinical state and IQ as covariates, the group difference in digit span forward was no longer significant, F(1, 99) ϭ 1.13, p ϭ .291, Cohen's d ϭ 0.18, 95% CI [Ϫ0.16, 0.53], which is expected given the positive association between IQ and digit span forward in the whole sample (r ϭ .46, p Ͻ .001, 95% CI [0.29, 0.60]).
There were no significant associations between PST performance and working memory indices, except that higher maximum digit span forward scores were associated with higher avoid B rates (r ϭ .20, p ϭ .042, 95% CI [0.01, 0.38]). When the analyses of PST performance included the digit span forward maximum score as a covariate instead of IQ, along with the ISS subscale scores, the same pattern of group differences as described above was observed, except that group difference in preference for A in testing phase AB trials was no longer significant. Therefore, working memory ability only accounted for the observed group differences in learning the reinforcement schedule with the greatest differential (80:20).
Verbal learning. As summarized in Table 1 , the BD group exhibited relatively lower total scores on RAVLT Trials 1 through 5, immediate and delayed recall, as well as greater retroactive interference and loss after consolidation, than HCs. There were no significant group differences in proactive interference.
In ANCOVAs covarying 24-hr clinical state and IQ, the BD group still exhibited lower delayed recall scores, F(1, 97) group differences in Trials 1 through 5 total scores and immediate recall were no longer significant. We examined associations between the RAVLT measures with robust group differences (i.e., delayed recall, retroactive interference, and loss after consolidation) and PST indices in the whole sample. RAVLT delayed recall scores exhibited significant positive associations with PST win-stay rates (r ϭ .20, p ϭ .048, 95% CI [0.01, 0.38]). In addition, lower RAVLT consolidation scores were associated with slower RTs for only CD trials during the testing phase (r ϭ Ϫ.21, p ϭ .038, 95% CI [Ϫ0.02, Ϫ0.39]). No other associations were significant. Overall, these RAVLT findings suggest robust verbal learning and memory deficits in the BD sample, particularly with retrieval of learned material.
Incremental Predictive Validity of PST Performance for Predicting BD in Adolescence
A binary logistic regression predicting BD group membership examined the predictive validity of the PST's win-stay rates after accounting for other variables with significant group differences, that is, ISS Activation, ISS Depression, IQ scores, BAS Fun Seeking scale, and verbal learning delayed recall. The RAVLT delayed recall measure was selected over other RAVLT measures due to its significant association with the PST win-stay rates, thus making this a conservative test of the PST win-stay rates ability to predict a BD diagnosis above and beyond these factors. Table 3 provides a summary of individual predictors' ability to significantly predict BD group membership in the sample of 102 adolescents based on the final model, which was significant, 2 (6) ϭ 63.04, p Ͻ .001. All variables, except for ISS Activation subscale and RAVLT delayed recall scores, contributed significantly to BD group membership prediction for an overall 85% accuracy of classification-91% of healthy controls and 78% of adolescents with BD were accurately classified. Predictors were entered into a hierarchical regression model with the PST win-stay rates entered in the final step, which was significant, 2 (1) ϭ 6.41, p ϭ .011. Similar findings are obtained if BAS Total scores are used instead of BAS Fun Seeking scores. Thus, even after accounting for relationships of BD with reward hypersensitivity, cognitive ability, and nonreward learning deficits, the PST win-stay rates show incremental predictive validity for a BD diagnosis among adolescents.
Discussion
The present study provides a novel investigation of probabilisticreinforcement learning in BD during a period of significant reward system neurodevelopment-adolescence (e.g., Urošević et al., 2012) . In support of our hypothesis of aberrant learning strategies, adolescents with BD were less likely to persist with a previously reinforced stimulus during the learning of reinforcement values (lower win-stay rates) than healthy adolescents. Contrary to our hypotheses, adolescents with BD did not exhibit delayed learning of reinforcement contingencies. Also, our predictions of greater sensitivity to probabilistic reinforcement and greater self-reported reward sensitivity were only partially supported. There was greater accuracy for AB trials during the testing phase, that is, tendency to learn to choose the stimulus with greatest reinforcement frequency, and greater BAS Fun Seeking scores among adolescents with BD versus their healthy peers, but no group differences in transfer of learned positive reinforcement to new contexts or on other BAS subscales. Finally, the results support the PST win-stay rates' incremental predictive validity for BD diagnosis in the whole sample after accounting for other well-established cognitive deficits and reward sensitivity.
In the whole sample, a greater win-stay rate during the acquisition phase appears to be an efficient way to learn quickly and accurately the stimuli's probabilistic reinforcement values. Higher win-stay rates were related to requiring fewer learning trials during the acquisition phase. Adolescents with higher win-stay rates also exhibited better learning of reinforcement contingencies, as evidenced by a greater preference for more frequently reinforced stimuli in acquisition-set/'old' pairings during the testing phase. Adolescents with BD relied less on this efficient strategy for learning probabilistic reinforcement contingencies than healthy adolescents. It is important to note that lower win-stay rates were not fully accounted for by the presence of current bipolar symptoms or lower overall cognitive ability in the BD group.
The nature of the abnormalities related to reinforcement learning in adolescent BD-the failure to consistently use an adaptive and efficient win-stay learning strategy during acquisition-has important implications for real life functioning. In the present task with up to 360 learning trials, adolescents with BD still successfully learned reinforcement contingencies, as evidenced by their performance during the testing phase that indicated quick responding without accuracy trade-offs. However, in real-life situations with fewer opportunities to learn probabilistic reinforcement values of their choices, reliance on a less efficient learning strategy may lead to reinforcement-learning deficits. Thus, adolescents with BD may fail to persist with choices/behaviors that have led to rewards in the past, pursue novel goals with low likelihood of positive outcomes, and require more trials and errors to adapt their behavior for optimal functioning in real life.
The failure to consistently use the efficient win-stay strategy in response to positive feedback appears partially due to general learning difficulties, as indexed by RAVLT delayed recall, and is independent from other reward system abnormalities observed in BD. The reward system is theorized to encompass multiple neurobehavioral processes-responses to reward attainment, habit learning, reinforcement learning, and approach motivation (National Institute of Mental Health, 2017). The present findings suggest that abnormalities in reinforcement learning strategies are independent of hedonic reward responses (i.e., BAS Reward Responsiveness), heightened approach motivation (i.e., BAS Drive), and heightened motivation to pursue novel experiences for reward (i.e., BAS Fun Seeking), as evidenced by the lack of associations between these BAS subscales and win-stay rates. On the contrary, lower win-stay rates were related to worse recall of verbal information, suggesting an overlap between reinforcement-learning abnormalities and general difficulties in the retrieval or retention of learned information. Still, the incremental value of win-stay rates in predicting a BD diagnosis in this adolescent sample, even after accounting for verbal learning, emphasizes that these two domains of cognitive abnormalities in BD are related but separable. Additionally, these incremental predictive validity findings suggest that indices of reinforcement learning could provide additional diagnostic indicators for adolescent BD beyond already established nonaffective cognitive deficits and reward hypersensitivity. On the neural systems level, decreased persistence with positively reinforced choices may reflect PFC dysfunctions in adolescent BD. Normative studies examining neural correlates of PST performance (Aberg, Doell, & Schwartz, 2015; Frank et al., 2007; Solomon et al., 2015) support the role of striatal dopamine functioning in gradual learning from cumulative feedback and encoding of prediction error responses to reinforcement feedback, whereas the role of PFC dopaminergic functioning is in the ability to maintain reinforcement values and adjust trial-by-trial behaviors, in particular during the acquisition phase. Interestingly, in a functional neuroimaging study of a subset of the present study's sample, adolescents with BD exhibited aberrant PFC responses, but comparable striatal activation, to reward cues compared with healthy peers (Urošević et al., 2016) . Combining these prior studies and current findings suggests PFC dysfunction in responses to rewards in adolescent BD. Still, the present findings cannot rule out the possibility that lower win-stay rates in adolescent BD are due to deficits in prediction error encoding based on dopaminergic phasic spikes in striatum and other midbrain regions. In adolescent BD, there could be enhanced dopaminergic spikes to all stimuli in the learning phase due to the stimuli's novelty inherently being more rewarding to adolescents with BD than their healthy peers. This striatal dysfunction could lead to greater exploration of all novel stimuli, that is, hyperexploration, and less efficient learning of the stimuli's reinforcement biases.
Greater reinforcement sensitivity in adolescents with BD compared with their healthy peers was only partially supported, suggesting that reward hypersensitivity models of BD (Johnson et al., 2012; Urošević et al., 2008) may not fully capture BD deficits during adolescence. In comparison to adolescents without psychopathology, adolescents with BD were quicker to select more reinforced stimuli during the testing of learned contingencies and had greater preference for the stimulus with the greatest reinforcement bias (i.e., greater preference for A in AB/80:20 schedule pair) but only within the familiar context of old pairings. This greater preference for the most reinforced stimulus did not generalize to novel contexts, or greater choose A rates. It is possible that hyperexploration in novel contexts leads to both lower win-stay rates and lower choose A rates than what would be expected based on the AB trials' performance in adolescent BD. Moreover, this hyperexploration appears driven by novel stimuli's reinforcement values, as there was no group difference in lose-shift rates. Consistent with this view of adolescent BD, adolescents with BD exhibited a greater self-reported tendency to approach novel rewarding experiences, as assessed by the BAS Fun Seeking, compared with healthy controls. However, BAS Fun Seeking scores were not related to win-stay rates. Additional studies using different behavioral paradigms are needed to fully evaluate the hypothesis that hyperexploration of novel stimuli impair learning of reinforcement contingencies in BD.
The current study has some limitations. Most adolescents with BD received psychotropic medications, which were maintained due to ethical considerations. Group differences were observed despite current treatments that may have reduced the BD's effects on measures of interest (additional analyses in the online supplemental material). The present study included adolescents with a full spectrum of BD diagnoses due to empirical support for a dimension of severity rather than qualitatively different categories of BD psychopathology. For example, individuals with less severe BD forms convert to bipolar I disorder (Alloy et al., 2012) . Similarly, individuals with different BD subtypes exhibit no structural differences in key reward brain regions, such as striatum (Hibar et al., 2016) . The present study also revealed largely similar PST performance across BD subtypes and clinical states. Still, larger scale investigations of the reward system across BD subtypes and across BD clinical states are warranted. Past studies (Linke et al., 2011 ) and the present symptom correlations among adolescents with BD (see the online supplemental material) indicate that measures of sensitivity to reinforcements during the testing/transfer-of-learning phase are particularly susceptible to acute clinical state effects.
Longitudinal studies are needed to investigate how and whether the observed reinforcement-learning abnormalities in adolescent BD change during the transition from adolescence into adulthood, as the reward system matures. If these reinforcement learning abnormalities are unique to individuals with early onset BD, this would provide a possible explanation for inconsistent adult BD findings of reinforcement-learning deficits (Linke et al., 2011; Strauss et al., 2015) , that is, inconsistent findings may be due to differences in samples' age of BD onset distributions. It would be also important to assess associations between probabilisticreinforcement learning abnormalities and a more consistent finding of reversal-learning deficits in pediatric BD (e.g., Dickstein, Finger, Brotman, et al., 2010) . Future longitudinal studies could provide information about optimal timing for interventions (e.g., neuroprotective pharmacological interventions early in BD illness course, Berk et al., 2010) and whether some adolescents with BD exhibit delays in maturation of the reward system and reach normative reward functioning at later stages, thus exhibiting adolescence-limited bipolar symptomatology (Cicero, Epler, & Sher, 2009 ).
